Canonical animal microRNAs (miRNAs) are generated by sequential cleavage of precursor substrates by the Drosha and Dicer RNase III enzymes. Several variant pathways exploit other RNA metabolic activities to generate functional miRNAs. However, all of these pathways culminate in Dicer cleavage, suggesting that this is a unifying feature of miRNA biogenesis. Here, we show that maturation of miR-451, a functional miRNA that is perfectly conserved among vertebrates, is independent of Dicer. Instead, structure-function and knockdown studies indicate that Drosha generates a short pre-mir-451 hairpin that is directly cleaved by Ago2 and followed by resection of its 3′ terminus. We provide stringent evidence for this model by showing that Dicer knockout cells can generate mature miR-451 but not other miRNAs, whereas Ago2 knockout cells reconstituted with wild-type Ago2, but not Slicerdeficient Ago2, can process miR-451. Finally, we show that the mir-451 backbone is amenable to reprogramming, permitting vector-driven expression of diverse functional miRNAs in the absence of Dicer. Beyond the demonstration of an alternative strategy to direct gene silencing, these observations open the way for transgenic rescue of Dicer conditional knockouts.
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Slicer | gene suppression | miRNA reprogramming M icroRNAs (miRNAs) are ∼22-nt regulatory RNAs that collectively serve essential functions in higher eukaryotes (1) . Conserved biogenesis machinery governs the production of canonical miRNAs in invertebrate and vertebrate cells (2) . Primary miRNA (pri-miRNA) transcripts containing one or more hairpin structures are first cleaved in the nucleus by the Drosha RNase III enzyme and its dsRNA binding partner DiGeorge syndrome critical region gene 8 (DGCR8)/Pasha to yield ∼55-70 nt precursor miRNA (pre-miRNA) hairpins. These are cleaved again in the cytoplasm by the Dicer RNase III enzyme to yield a miRNA/ miRNA* duplex, from which one strand matures in a complex with an Argonaute (Ago) protein. The miRNA guides the Ago complex to target transcripts, often bearing 7-nt complements to the 5′ end of the miRNA, for destabilization and/or translational inhibition (3) . Mammalian genomes encode four Ago-class proteins, of which Ago2 is uniquely capable of directly cleaving highly complementary targets (4, 5) , a process popularly termed slicing.
Since the elucidation of this framework, several alternative pathways for miRNA biogenesis have emerged. For example, mirtrons are short hairpin introns that exploit the splicing machinery to generate pre-mirRNA hairpins, thereby bypassing Drosha cleavage (6) (7) (8) . Functional miRNAs can also be generated from certain small nucleolar RNAs (9, 10) and tRNAs (11, 12) , presumably through Drosha-independent mechanisms. The viral miRNA precursor miR-M1-7 from murine γ-herpesvirus 68 fuses a tRNA to an miRNA hairpin and is processed by tRNase-Z (13) . Endogenous shRNAs (endo-shRNAs) are also independent of the canonical nuclear processing machinery, and their hairpin termini might be defined by RNA polymerase III (11) .
Common to these sundry biogenesis pathways is cleavage of an intermediate precursor by Dicer and routing of the mature small RNA into an Argonaute, suggesting that these are defining features of miRNA-class regulatory RNAs. In this study, we show that the maturation of the highly conserved vertebrate miR-451 bypasses Dicer, and instead requires direct cleavage of its precursor hairpin through Ago2 Slicer activity. We exploit these properties of mir-451 as a flexible platform for Dicer-independent, vector-mediated expression of miRNAs.
Results
Atypical Conservation and Pattern of Small RNA Reads Derived from mir-451. Many animal miRNA loci are clustered, and this property identified a conserved hairpin christened mir-451, located 100 bp downstream of mir-144 (14) . As is typical for conserved miRNA genes, mir-144 exhibits a saddle-shaped pattern of divergence in which its terminal loop exhibits many more nucleotide substitutions than its stems and for which the miRNA* is slightly less constrained than the miRNA (15, 16) . In sharp contrast, the terminal loop of mir-451 is invariant from human to fish, whereas specific nucleotides in the stem are variable ( Fig. 1 A and B) .
The unusual conservation features of mir-451 are linked to an atypical pattern of small RNA reads. Its dominantly cloned species extend across the terminal loop into the complementary side of the hairpin (17) , and even longer reads were observed. We found these to be reproducible and conserved characteristics of mir-451. In addition to dominant 23-nt reads typical of miRNAs, a population of 24-to 30-nt reads extending well into the complementary hairpin arm is produced by mir-451 in human (18) , mouse (19) (20) (21) , dog (22) , and chicken (23) (Fig. 1C and Dataset S1). In contrast to its 3′ heterogeneity, the 5′ terminus of miR-451 was precisely defined in all species examined (Dataset S1).
We confirmed the atypical sizes of mir-451-derived species with Northern analysis of human K562 cells and murine erythroleukemia (MEL) cells induced with hexamethylene bisacetamide (HMBA). By comparison, its partnered gene mir-144 generated an ∼58-nt pre-miRNA and an ∼22-nt mature miRNA, as expected for a canonical miRNA gene (Fig. 1D) . In contrast, a probe antisense to miR-451 detected a series of bands extending past 30 nt (Fig. 1E ). This was recapitulated by lentiviral transduction of murine mir-144/451 into uninduced MEL cells or by transfection of a human mir-144/mir-451 plasmid into HeLa cells. Notably, the >30-nt bands detected by miR-451 probe exhibited variable mobility from ∼32 to 42 nt according to gel percentage and temperature (Figs. 1F and Fig. S1 ). Previous studies noted that short hairpins can exhibit atypical mobility even under denaturing conditions (24) , suggesting that these bands correspond to pre-mir-451 hairpins (Fig. 1B) .
Despite its atypical properties, miR-451 regulates erythroid development and represses endogenous transcripts (25) (26) (27) . We verified the regulatory activity of miR-451 using model luciferase constructs containing perfectly complementary sites or bulged miR-451 target sites. Both targets were repressed by a mir-451/mir-144 construct relative to a noncognate miRNA expression construct (mir-1-2) in HeLa cells, with severalfold greater repression of the perfect targets than the bulged targets (Fig. 1G) . Thus, miR-451 has the regulatory capacity of a typical miRNA.
Structural Requirements for Biogenesis and Function of miR-451. To gain insight into the atypical biogenesis of miR-451, we investigated structurally variant precursors ( Fig. 2A) . We first tested the role of the stem basal to the duplex involving mature miR-451, which is broadly conserved and resembles the lower stem of canonical pri-miRNAs. Structurally nonconservative mutations abrogated its ability to repress miR-451 sensor (Fig. 2B) , implicating processing by Drosha/DGCR8. In addition, libraries from pro-and pre-B cells (21) contained reads with heterogeneous 5′ ends and precise 3′ ends that directly abutted mature miR-451 (Dataset S1); such "moR" reads are diagnostic of Drosha processing (28, 29) . As well, human blood cells (18) , mouse testis (20) , and dog lymphocytes (22) express rare RNAs mapping downstream of mature miR-451 ( Fig. 1C and Dataset S1). Many of these extend to a position constituting a 2-nt 3′ overhang to the strict 5′ end of miR-451 ( Fig. 2A , black arrowheads), consistent with RNase III cleavage. These are probably not related to miR-451 biogenesis, because they overlap within the terminal loop of pre-mir-451. They might result from breakage within the unstructured loop, perhaps reminiscent of tRNA cleavage within anticodon loops (30) . In any case, these data support the existence of an ∼42-nt pre-mir-451 hairpin produced by Drosha/DGCR8 cleavage (Figs. 1C and 2A), as indicated by Northern analysis (Fig. 1F) . The highly paired pre-mir-451 stem called to mind the capacity of mammalian Ago2 to cleave highly paired canonical premiRNAs (31) . In principle, slicing programmed by the 5′ end of pre-mir-451 would generate 30-nt miR-451 species (Figs. 1C and 2A, light green arrowheads). We tested the consequence of disrupting pairing at the 10th and 11th nucleotides across from the 5′ end of miR-451. The single mutants were strongly compromised for activity, whereas the double mutant was almost completely functionally inactive (Fig. 2B) . This supported the notion that Ago2 cleavage mediates its biogenesis.
Northern analysis of these variants was informative. Although the wild-type construct produced the characteristic series of bands, the three constructs mutated at the putative Ago2 cleavage site strongly accumulated >40-nt bands (Fig. 2C ) corresponding in size to Drosha-cleaved pre-mir-451 hairpins ( Fig. 2A, highlighted  region) . Point mutations in atypically migrating hairpins restore linear mobility (24) , suggesting a rationale for their more expected mature miR-451 small RNAs. We used 16% gels, but blots in B were run at 500 V, whereas blots in A were run at 250 V, causing differential migration of the pre-miRNA hairpin (Fig. S1 ). (C) The mir-144/mir-451 construct was highly active in Dicer −/− MEFs, both on perfect and bulged sensors. Quadruplicate assays were performed, and SDs were plotted; tests in HeLa were normalized to mir-1-2, whereas tests in Dicer −/− were normalized to mir-144/451 construct in which miR-451 was reprogrammed with miR-23a-3p.
mobility compared with wild type. The levels of mature miR-451 paralleled the sensor assays: the double-cleavage site mutant produced almost none, whereas the single mutants produced slightly more miR-451; the lower-stem mutant yielded neither premir-451 nor shorter matured RNAs. The various mir-451 mutations did not substantially affect the biogenesis of mir-144 present on these constructs, which served as an internal control to these experiments (Fig. 2D) . Taken together, these tests implied Drosha cleavage and Ago2 slicing in the biogenesis of miR-451.
Drosha-Dependent, Dicer-Independent Biogenesis of miR-451. We followed these structural studies with genetic manipulation of miRNA processing factors by introducing siRNAs to HeLa cells. The knockdown efficiencies were confirmed by qPCR analysis (Fig. S2) . Consistent with the inability of the pri-mir-451 lowerstem mutant to be matured (Fig. 2B) , HeLa cells depleted for Drosha or its partner DGCR8 were compromised in their ability to generate mir-451 intermediates or mature miR-451 (Fig. 3A) . We also probed against its "star" arm (that is, the 3p arm complementary to mature miR-451). We expected this to label the pre-mir-451 hairpin but not the Ago2-cleaved hairpin, because the latter contains <9-nt complementarity to the probe. We observed hybridization to bands of apparent ∼35-nt length in 16% gels (labeled pre), which comigrated with the larger bands detected by miR-451 probe (Fig. 3A) . This implied that these species contain the full 42-nt mir-451 hairpin sequence. The 42-nt Drosha-cleaved mir-451 hairpin does not possess sufficient duplex to be a Dicer substrate, suggesting that its maturation might bypass Dicer. We performed stringent tests using a viable line of mouse embryonic fibroblasts (MEFs) bearing the floxed allele of Dicer lacking exon 22 (32) . These cells do not express Dicer protein (Fig. 3B) and are arrested for endogenous miRNA biogenesis at the pre-miRNA stage. Nevertheless, transfection of mir-144/451 construct into Dicer −/− MEFs yielded processed small RNAs (Fig. 3B ) with strong repressive capacity, both on perfect and bulged miR-451 sensors (Fig. 3C) . These data show a Dicerindependent, miRNA-class regulatory RNA in animal cells.
Ago2 Slicer Activity Is Essential for Maturation of miR-451. Conditional knockout of mAgo2 in the hematopoietic system reduces the level of many miRNAs (33) . However, among miRNAs expressed in bone marrow, miR-451 was uniquely susceptible to loss of Ago2. We isolated RNA from wild-type and Ago2 −/− bone marrow (reconstituted in lethally irradiated recipients from Ago2
[fl/fl]; MxCre donors) and analyzed their small RNAs by microarray. Not only was miR-451 the most abundant miRNA in wildtype bone marrow, its nearly complete absence (>400-fold lower) in the Ago2 mutant made it by far the most highly depleted miRNA ( Fig. 4A ; see raw and processed data in Dataset 3). We used Northern analysis to confirm the complete loss of intermediate and mature forms of miR-451 in Ago2 −/− bone marrow, which instead accumulated pre-mir-451 (Fig. 4B) .
The strict Ago2 dependency of miR-451 was consistent with the inefficient maturation of pri-mir-451 cleavage-site mutants (Fig. 2C) . However, these data do not exclude that changes in the erythroid compartment of Ago2 mutants might contribute to loss of miR-451 (33) nor do they directly address the requirement of Ago2 Slicer activity. We tested this using a panel of Ago2 −/− MEFs reconstituted with control MigR retrovirus or retroviruses carrying wild-type mAgo2 or catalytically inactive (D669A) mAgo2 (33) . Western blots showed equivalent Ago2 expression levels in the reconstituted cells (Fig. 4C Top) , and the mir-451/mir-144 construct was efficiently expressed as assessed by quantitative reverse transcription-polymerase chain reaction across the primary transcript (Fig. S3) . However, only Ago2 −/− cells reconstituted with wild-type Ago2 could mature miR-451 from its hairpin precursor (Fig. 4C Middle) .
We examined the state of mir-451 intermediates in wild-type and catalytic-dead Ago2 proteins by immunoprecipitating Ago2 followed by Northern analysis. As seen in Fig. 4D , wild-type Ago2 contained matured miR-451 species, whereas Ago2[D669A] associated exclusively with the hairpin precursor. Finally, to account for the presence of pre-mir-451 in the absence of Ago2, we checked whether the hairpin was incorporated into other Agos. We observed that Ago1 immunoprecipitated with pre-mir-451 but not matured miR-451 species (Fig. S4) . This confirmed that Ago2-mediated slicing is essential for the biogenesis of miR-451 and cannot be substituted by other Agos. We hypothesize that hairpin cleavage renders its 3′ end amenable to resection by ribonuclease (s) to generate 23-to 24-nt mature miR-451 (Fig. 4E) . into MZ-Dicer embryos rescued early development. However, transgenic rescue of miRNAs in Dicer mutant tissue has not been possible, because miRNA biogenesis generally requires Dicer. We therefore investigated whether pri-mir-451 was amenable to reprogramming. This was not necessarily possible, given the strict conservation of miR-451 primary sequence (Fig. 1B) . Still, we replaced the human mir-451 hairpin with a variety of miRNA sequences, while maintaining its secondary structure, and performed initial tests of perfect sensors in HeLa cells. Encouragingly, we observed significant repression by several miRNAs reprogrammed into the mir-451 backbone (Fig. 5A) . With miR-199-3p, the activity of the reprogrammed construct was comparable to its endogenous pri-miRNA context, yielding ∼7-fold repression compared with a noncognate miRNA (mir-1-2). In total, six of seven reprogrammed constructs were active, although they varied in their magnitude of target repression.
We challenged these reprogrammed constructs to function in Dicer −/− MEFs, in which canonical miRNA constructs are nonfunctional (Fig. 5B) . We observed robust activity (20-to 50-fold target repression) of all constructs in the absence of Dicer, including ones whose activity was marginal in HeLa cells. Moreover, reprogrammed mir-451 constructs could strongly repress bulged targets (Fig. 5B) , providing evidence for the accurate definition of 5′ ends of reprogrammed miRNAs in Dicer knockout cells as with miR-451 (Fig. 3C) . Although canonical miRNAs are inactive in these mutant cells, we could perform meaningful normalizations by comparing reprogrammed constructs with a functional reprogrammed 451:miR-23a-3p construct (whose activity was, in turn, normalized to functional 451:miR-199a-3p).
Ago2 can directly use some pre-miRNAs and other long RNAs as guide molecules, and their loading is potentiated in the absence of Dicer (35) . Therefore, sensor tests do not necessarily report on Dicer-independent miRNA production. To address this, we analyzed Dicer −/− MEFs transfected with reprogrammed mir-451 constructs and observed accumulation of small RNAs in all cases (Fig. 5C) . Some constructs generated a ladder of bands, as with miR-451, whereas others predominantly accumulated a single species. Further analysis of these constructs may provide insight into the nature and efficiency of the resection activity on different Ago2-cleaved hairpin substrates.
Finally, comparing these constructs in Dicer −/− MEFs and HeLa cells, we observed several instances where small RNA maturation was apparently increased in the absence of Dicer (Fig. S5) . It is possible that lack of Ago2 loading of endogenous Dicerdependent substrates (i.e., miRNAs and/or siRNAs) might enhance biogenesis and activity of miR-451-based constructs. However, other differences in small RNA pathway status or gene expression could well contribute to the distinct activity of these constructs in different cells; thus, additional tests of a competition model for Ago2 loading are necessary. In any case, these data provide strict evidence that the mir-451 backbone permits diverse, functional, processed miRNAs to be generated in Dicer knockout cells.
Discussion
Our studies show that the highly conserved vertebrate pre-mir-451 hairpin is independent of Dicer and instead, is reliant on direct cleavage by Ago2. This differs from its role in generating Ago2-cleaved precursor miRNAs, in which Ago2 was proposed to cleave certain well-paired pre-miRNAs before Dicer cleavage, perhaps facilitating removal of passenger-strand products (31) . In the case of mir-451, slicing of its short pre-miRNA hairpin is absolutely prerequisite for further 3′ trimming to generate the mature miRNA and cannot be supported by nonslicing Ago proteins. This adds to other endogenous processes in mammalian cells, including regulation of highly or perfectly complementary targets by certain miRNAs (36) and endogenous siRNAs (11, 19, 37) that may collectively underlie the retention of cleavage activity by vertebrate Ago2. While our work was under review, the Hannon and Giraldez groups reported similar evidence regarding the Droshadependent, Dicer-independent, Ago2-mediated biogenesis of miR-451 in mammalian (38) and zebrafish (39) systems. Our biogenesis data are consistent with their data and extend the capacity of this alternative biogenesis pathway for small RNA expression. Beyond the analysis of synthetic mir-451-based RNA hairpins (38, 39), we provide broad evidence for flexible reprogramming of mir-451 using DNA vectors. In particular, we showed efficient processing of an artificial mir-451-based construct into miRNA-sized species that could regulate both perfect and bulged targets, even in Dicer knockout cells. These data provide proof of principle that the mir-451 backbone may permit transgenic expression of individual miRNAs in systemic or conditional murine Dicer knockouts (32, (40) (41) (42) , opening the potential for genetic rescues in the animal.
We have not yet identified a nuclease responsible for resection of the 3′ end of Ago2-cleaved mir-451. A nuclease is inferred to down-regulate pre-miRNAs after their 3′ uridylation by terminal uridylyltransferase 4 (43), but its identity has similarly been elusive. Still, the collected studies suggest that nucleases targeting the 3′ ends of small RNA precursors have both negative and positive roles for miRNA biogenesis. We also note that the efficient function of miR-451 and many reprogrammed miRNAs in Dicer −/− MEFs indicates that Dicer is not essential for substrate loading into Ago2. In light of the discovery that functional Dicerindependent "primal RNAs" associate with Schizosaccharomyces pombe Ago1 (44), direct loading of RNAs into Argonaute proteins may be an ancient strategy.
Materials and Methods
Primers used for cloning, quantitative polymerase chain reaction, and blotting are listed in Dataset S2. Methods for Northern analysis, cell culture and luciferase sensor assays (6), Dicer mutant (32), and Ago2 mutant (33) were previously described. Microarray experiments was performed by LC Sciences. Detailed methods are provided in SI Materials and Methods.
